To satisfy the high power requirements for accelerating, climbing or running at high speeds, dualmotor driven electric vehicle (EV) is becoming more and more popular. To reduce the high-power influence to the battery life, a hybrid energy storage system (HESS) for dual-motor driven EV is proposed in this paper. Compared with conventional HESS, the proposed method is suitable for dual-motor driven EV, by the additional ultra-capacitor (UC). Different modes of the HESS are able to be realized, and the overall efficiency can be optimized. Moreover, no DC/DC converter is needed in this method, and the cost and the control complexity are reduced. The topology of the HESS is firstly proposed and the working principle is analyzed. The simulation is established to validate the proposed method.
Introduction
Concerning the energy crisis and environmental pollution, electric vehicles (EVs) are considered as the most promising solution to these problems [1] [2] [3] [4] [5] . With the development of EVs, dual-motor structure is adopted in more and more EV types, for high power and high acceleration requirements. To meet the power demands of such a dual-motor driven EV, the design of an energy storage system (ESS) with high power and high energy density is of greatest importance
To solve the problems, the hybrid energy storage system is proposed in many literatures. To achieve low cost of power conversion, the conventional HESS design usually uses a bidirectional DCDC converter. The HESSs with single DCDC converter can be divided into UC/battery configuration [6] , battery/UC configuration [7] , and the improved configuration based on both UC/battery and battery/UC HESS [8] . On this basis, several multimode HESS was also studied [9] [10] [11] . These methods work well to have a good advantage of the high power characteristics of UCs. However, at least one DCDC converter is needed in these methods, especially, for dual-motor driven EVs. To solve this problem, this paper proposes a new HESS for dualmotor driven EVs. No DC/DC converter is needed in this method, and the cost and the control complexity are reduced.
The structure analysis of the proposed HESS
The structure of the proposed HESS for a dual-motor driven EV is shown in Figure 1 . As shown in the figure, no DCDC converter is needed in the proposed HESS. Only four switches and one power diode are required. According to different situations of the four switches, different modes of the HESS can be realized, namely the precharging mode, the B-M1 UC-M2 driving mode, the B-M1&M2&UC driving mode, the B-M1&M2 driving mode, the M1&M2-UC regenerating mode, and the M1-B M2-UC regenerating mode, as shown in Figure 2 .  Mode I (the precharging mode): It is the precharging mode, which is used to avoid large current output of battery. In this mode, SW1 and SW3 are ON.  Mode II to mode IV (the driving mode):
These three modes are the driving mode, in which the motors are working on there driving mode and the battery and/or the UC provide the energy.  Mode V to mode VI (the regenerating mode): These two modes are the regenerating mode, and the motors are braking to charging the battery and/or the UC.
The control strategy of the proposed HESS is shown in Figure 3 . The precharging mode is usually used when the EV starts, and it is not included in this control strategy. 
Figure 3
The control strategy of the proposed HESS for dual-motor driven EVs.
The required power Pdem is firstly checked if it is bigger than 0. If Pdem ≥0, it is the driving mode. Otherwise, it is the regenerating mode.
Validation
To validate the proposed HESS for dual-motor driven EVs, the simulation is established. The main parameters of the EV used in this paper is shown in following table. The UDDS driving cycles are applied to the HESS, and the results are shown in following figures. The current demand of the UDDS driving cycles are shown in Figure 4 . The SOC and the voltage results of the UDDS driving cycles applying to the HESS are shown in Figure 5 and As shown in the figures, the SOC of the UC varies a lot, and absorbs the ripples of the required power of the energy storage system.
The voltage results of the simulation validation is shown in Figure 6 . As shown in the figure, the voltage of the battery changes little, which is further approved in Figure 7 . The current ripple applied to the battery is dramatically reduced. The maximum charging current is mostly less than 30 A, which is about 0.3 C rate of the battery. Meanwhile, the maximum discharging current is about 150 A, and most discharging current is less than 100 A. With such small charging and discharging current ripple, the battery life should be extended.
Figure 5
The SOC results of the HESS in UDDS driving cycles.
Figure 6
The voltage results of the HESS in UDDS driving cycles.
Figure 7
The current results of the HESS in UDDS driving cycles.
The mode selected while the HESS applied to the UDDS driving cycles are shown in Figure 8 . The mode is selected according to the control strategy shown in Figure 3 . The zoom in figures of the current and the modes of the proposed method are shown in Figure 10 and Figure 9 . With the proposed HESS structure and the control strategy, the modes are selected as shown in Figure 9 . It is clear from Figure 10 that the maximum current of the battery is much smaller for the help of the US in the HESS. Taking the current at 1810 s for example, the maximum current demand is about 300 A, which is about 3 C discharging current rate for the battery if no HESS is applied. Besides, at about 1822 s, the charging current demand is about 200 A, which is about 2 C charging rate. Such high rate charging and discharging for the battery is very harmful for the life of the battery.
With the help of the HESS, the current for the battery is about 100 A at 1810 s, and 0 A at 1822 s. The high charging/discharging current is absorbed by the UC.
Conclusion
A hybrid energy storage system (HESS) for dualmotor driven EV has been proposed in this paper. Compared with conventional HESS, the proposed method was suitable for dual-motor driven EV. Different modes of the HESS are able to be realized, and the overall efficiency can be optimized. Moreover, no DCDC converter was needed in this method, and the cost and the control complexity could be reduced. The topology of the HESS was proposed and the working principle was analyzed. The simulation was established to validate the proposed method. The simulation results showed that the proposed HESS could realize the function to reduce the current ripple for the battery, without any DCDC in the HESS.
